Coherency provides a method to evaluate model linearity.
Introduction
In the intracranial cavity, the amplitude of the in tracranial pressure (ICP) wave reflects the amplitude of the blood pressure (BP) wave more consistently with a decrease in compliance, and less consistently with an increase in compliance.9) Previous studies of the transfer function in relation to intracranial compliance assumed that pressure transmission in the intracranial cavity represents the propagation of the BP waveform.4,5,7,8,10,11) The transfer function was intended to express the characteristics of the trans mission element of an automatic control system.12) The transfer function is the ratio of output to input along the frequency axis. The transfer function as sumes linearity of the system. Coherency provides a method to evaluate model linearity, by showing the degree of influence on output (=ICP) exerted by in put (=BP).13) The present study evaluated the linearity characteristics of pressure wave transmis sion in the intracranial cavity using coherency.
Materials and Methods
Sixteen adult cats weighing 4 kg or over were anesthetized with ketamine hydrochloride at 10 mg/ kg (intramuscular injection) and endotracheal intu bation, then paralyzed with pancuronium bromide and mechanically ventilated (about 0.3 Hz). Addi tional doses of anesthetics were administered prior to the hydrostatic pressure loading. Under ICP ele vation, feline salivation was observed, but not body movement. The respirator was adjusted so that par tial pressure of arterial oxygen (PaO2) and partial pressure of arterial carbon dioxide (PaCO2) were greater than 100 mmHg and 30-35 mmHg, respec tively. PaO2 and PaCO2 were monitored periodically by ABL-1 (Radiometer Medical A/S, Akandevej, Bronshoj, Denmark). BP and ICP were monitored by Digital Pressure Monitor 420 (CAMINO Neuro Care Group, Pleasant Prairie, Wis., U.S.A.) via a cannula in troduced into the thoracic aorta through the femo ral artery, and a cannula introduced into the left frontal subarachnoid space through a hole sealed with dental cement, and recorded with a RM-6000 polygraph (Nihon Kohden Co., Tokyo) and a TEAC 30 data recorder (TEAC Co., Tokyo). The cisterna magna was punctured with a 26-G needle and con nected to a saline drip infusion system. Hydrostatic pressure loading was achieved by raising the saline bottle level by 0.1 m at intervals of 5 minutes. Data were collected when the ICP was stabilized at about 10, 45, and 70 mmHg. Salivation but not body movement was observed during increased ICP.
I. Theory and computer algorithm ICP data were processed by a minicomputer Desktop Generation Model 30 (Data General) using software developed by us. ICP and BP waveforms were analyzed by fast Fourier transformation (FFT). The results were displayed on a color graphic terminal.
The amplitude of the cardiac-induced component of ICP (CAicp) and BP (CAbp), and the amplitude of the respiration-induced component of ICP (RAicp) and BP (RAbp) were extracted from the ICP oscilla tion and BP oscillation, respectively. Sampling clock frequency (fs) and sampling period (Ts): The lowest frequency in the ICP waveforms is that of respiration, 20-25/min (=0.2 -0.5 Hz). The highest frequency in ICP waves is about 15 Hz.4) Thus, the frequency ranges from 0.2 to 15 Hz. The fs must be twice as high as the highest fre quency according to the sampling theorem. 6) The Ts is the inverse number of the lowest fre quency (frequency resolution). Theoretically, the fs is 30 Hz (=15*2) and the Ts is 5 seconds (=1/0.2). In practice, values two or three times greater are used. In this study, the fs was 100 Hz, and the Ts was 10 seconds.
Signal to noise ratio: The total sampling time was 60 seconds. All data were then separated into sub sequences of about 10 seconds. The cross-power spectrum between input and output, and the power spectrum of input (=BP) and output (=ICP) were determined for each subsequence.
The power spec tra of all subsequences were added and the power spectrum of the sequence was averaged.12,13) Because noise is random, the correlation of noise signals is lost by adding subsequences and averaging the se quence. However, the correlation of signals remains constant by adding subsequences and averaging the sequence.
Therefore, the process of adding and averaging can raise the signal to noise ratio.
II. Analysis
The coherency was analyzed at the frequencies of 0.1 to 10 Hz when the ICP was 10, 45, and 70 mmHg. Differences in the linearity were investigated in re lation to various frequencies and ICP levels by co herency. The coherency values were estimated for the frequencies of the fundamental wave (FW) of the respiration-induced component, and the FW as well as the second harmonic wave (2HW) of the cardiac induced component of the ICP oscillation. The har monic wave can always be revealed by a waveform analysis of the waves measured, and its frequency occurs in integral multiples of the frequency of the FW. The 2HW has a frequency twice as high as that of the FW.13) The analysis found three peaks at 10, 45, and 70 mmHg (Fig. 2) As ICP increases, the linearity increases from the BP wave to the ICP wave in the respiration and the cardiac-induced FW components, and also in the cardiac-induced 2HW component (Fig. 3) . However, the rate of increase of the linearity is greater in all the respiration-induced FW components of the lowest-frequency domain. The rate of increase is the smallest for the 2HW of the cardiac-induced com ponent with the highest frequency. As ICP in creases, the pressure transfer of a high-frequency All coherencies tended to significantly increase as ICP rose. Significance testing used first the F-test to find whether equal variance was observed; where equal variance was observed, two sample t tests used the Student's t-test; where equal variance was not observed, two sample t tests used the Welch t-test. *p < 0.001, Welch t-test or Student's t-test.
Discussion
The pulse pressure of the cerebrospinal fluid (CSF) is due to the pulsatility change of the cerebral blood volume (CBV) in the rigid area called the craniospi nal space (CSS). Thus, the CSF pulsatility has mainly two elements, i.e. CSS storage capacity (ex pressed by the pressure-volume relationship) and the amplitude of the pulsatility change in the CBV (related to compliance of the cerebrovascular bed).',') The passive and mechanical nature of the CSS is expressed in general by the intracranial compliance, Cic (=dICV/dICP) (ICV: intracranial volume). The compliance is the capacity of the CSS to absorb in creased volume without excessive elevation of ICP. When ICP increases, the arteries become more elastic (increasing Ca) and the intracranial space becomes stiffer (decreasing Cic), such that the pres sure-volume relationship is shifted from the arterial compartment to the total pressure-volume relation ship of the intracranial space.1) As a result, when ICP increases, the pulse change in the arterial com ponent, which influences ICP, is increased. The volume change influencing the whole cranium area is the total volume change in the blood vessel caused by the arterial ICP.
The relationship between arterial blood volume change (dABV) and arterial pulse pressure change (dABP) is given by dABV/dABP = {1/(1/Ca + 1/Cic)} Since the transfer function assumes linearity of the system, a transfer function with low linearity does not reflect the input information of the black box.6,12,11) Coherency of the system shows the degree of influence on output (=ICP) exerted by input (=BP).6) This study showed that slight linearity was observed in the FW of the respiration-induced com ponent (R) and the cardiac-induced component (CF), and also in its 2HW (C2), but zero linearity was found at other frequencies. This indicates that the pressure transfer system in the intracranial cavity is basically a non-linear system. The transfer function cannot be calculated at a non-linear frequency. The formula for a non-continuous transfer function is a method suitable for expressing the pressure transfer of the intracranial cavity as a transfer function.4,5) The frequencies were determined for several sites regardless of linearity to calculate the transfer function at each frequency. Therefore, there were some instances in which the transfer functions were calculated at frequencies with small ICP wave am plitude and also with low linearity. Such a calcula tion is unreliable if there is no spectrum of ampli tudes at the frequencies of over 10 Hz in particular. As mentioned above, the frequencies observed with peak values as well as high linearity are the fre quencies of the respiratory or cardiac cycles, and the expression of transfer functions should be re stricted to only these frequencies. CSF pulsatility increased moderately with lineari ty at ICP of 50 to 70 mmHg, but increased dis proportionally if the ICP exceeded the break point.2,3) The linear pattern of the ICP pulse ampli tude below the break point can be explained by an increase in the elastance, as shown by a monoex ponential pressure-volume curve. The rapid in crease in the CSF pulsatility, which occurs beyond the break point, can be explained by a sudden in crease in the pulsatility of cerebral blood vessels due to the arterial vessel bed superimposed on the usual pressure-volume relationship. In general, the regu lation action which relaxes and expands blood ves sels increases their pulsatility, the mean pressure of the CSF, and also CSF amplitude. Under these con ditions, two effects co-exist in CSF pulsatility: An increase in intracranial elastance, and an increase in cerebrovascular compliance due to a reduction in vascular transmural pressure (increases in the in tracranial blood volume and cerebrovascular pul satility). Because of these effects, the dampening of the transferred wave is diminished and the BP waveform can be efficiently transmitted to the in tracranial cavity. Under such conditions, the pres sure transfer linearity in the intracranial cavity must be markedly increased to make a break point in the coherency values. Pressure transfer in the in tracranial cavity cannot be just quantitatively indi cated by the transfer function, which is conditioned by the continuous frequency component and linearity of the system. Indication of the linearity of the pressure transfer system in the intracranial cav ity, using coherency as the ICP monitor, enables us to indicate quantitatively the condition of pressure transfer in intracranial cavity and, therefore, the 
